We present an analysis of late-O/early-B-powered, parsec-sized bubbles and associated star-formation using 2MASS, GLIMPSE, MIPSGAL and MAGPIS surveys. Three bubbles were selected from the Churchwell et al. (2007) catalog. We confirm that the structure identified in Watson et al. (2008) holds in less energetic bubbles, i.e. a PDR, identified by 8 µm emission due to PAHs surrounds hot dust, identified by 24 µm emission and ionized gas, identified by 20 cm continuum. We estimate the dynamical age of two bubbles by comparing bubble sizes to numerical models of Hosokawa & Inutsuka (2006) . We also identify and analyze candidate young stellar objects (YSOs) using SED fitting and identify sites of possible triggered star-formation. Lastly, we identify likely ionizing sources for two sources based on SED fitting.
Introduction
Massive stars strongly influence their surrounding environment throughout their lifetime via stellar winds, ionizing radiation, heating of dust and expansion of their HII regions. Some of these processes may trigger second-generation star-formation by compressing neighboring pre-existing molecular material to the point of gravitational instability. Observing massive star-formation regions, however, has been hampered by large UV and optical extinction. These regions are observed at IR, radio and x-ray wavelengths where extinction is significantly smaller. Churchwell et al. (2006 Churchwell et al. ( , 2007 analyzed mid-IR (MIR) images from the Spitzer-GLIMPSE project, a survey of the Galactic plane (|b| <1
• , |l| <65
• , Benjamin et al. 2003) , and found bubbles of diffuse emission to be a signature structure in the ISM at MIR wavelengths. They catalogued almost 600 bubbles (an admittedly incomplete catalogue) in the GLIMPSE survey area. They argued based on the location and coincidence with known HII regions that many of the MIR bubbles are produced by O and early-B stars. Watson et al. (2007) analyzed the structure of three bubbles and associated star-formation using surveys in the mid-IR (GLIMPSE and MIPSGAL) and radio continuum (MAGPIS). They concluded that the general structure of the bubbles is a photo-dissociated region (PDR), visible in the 5.8 and 8 µm IRAC bands on Spitzer, which encloses ionized gas (observed at 20 cm) and hot dust (observed at 24 µm). One bubble (N49) showed evidence of a cavity at 24 µm and 20 cm, indicating that hot dust and ionized gas have been evacuated by stellar winds. They also characterized the young stellar objects (YSOs) associated with each bubble and identified sites of probable triggered star-formation and sources likely responsible for ionizing hydrogen and exciting the PDR.
Deharveng and collaborators have studied PDRs and triggered star-formation around the HII regions Sh 217 and Sh 219 (Deharveng et al. 2003a ), Sh 104 (Deharveng et al. 2003b) , RCW 79 (Zavagno et al. 2006) , SH2-219 (Zavagno et al. 2006 ) and RCW 120 (Zavagno et al. 2007 ). They identified several sites of probable triggered star-formation, some by the collapse of pre-existing clouds (observed at 1.2 mm continuum) and some by the collect-and-collapse mechanism (see Whitworth, 1994 and Elmegreen, 1998 and references therein) . Briefly, the collect-and-collapse mechanism posits that ambient ISM is swept-up by an expanding HII region, increasing in density until one or more subcomponents become gravitationally unstable and collapse, leading to star-formation. For some of these regions, they estimated ages for the HII region and masses for the surrounding mm-clumps. They also classified the YSOs in the regions into the standard classes based on near and mid-IR colors.
Here, we analyze the gas and dust structure in three GLIMPSE-identified bubbles in the Churchwell et al. (2007) catalog. We also measure star-formation activity and identify YSOs to characterize possible triggering mechanisms. Three sources were chosen for their range of sizes, association with likely triggered star formation, bubble dynamical ages and spectral-types of the ionizing star(s). All are at low-longitudes (|l| <10
• ). In §2 we introduce each source and the surveys used. In §3, we discuss the relative position of gas and dust components (PAHs, ionized gas and dust), identify YSOs and analyze their properties and identify candidate ionizing stars in each bubble. In §4, we discuss the results in the context of triggered star-formation mechanisms. Our main conclusions are summarized in §5.
Data
Data were collected from four large-scale surveys: 2MASS, GLIMPSE, MIPSGAL and MAGPIS. The 2MASS All-Sky Point-Source Catalog covers over 99% of the sky at bands J, H and K s . Along with the mosaiced images from GLIMPSE, we used the GLIMPSE Point Source Catalog (GPSC), a 99.5% reliable catalog of point sources observed in the Spitzer-IRAC bands (3.6, 4.5, 5.8 and 8.0 µm). IRAC has a resolution of 1.5" to 1.9" (3.6 to 8.0 µm). See the GLIMPSE Data Products Description 1 for details. MIPSGAL is a survey of the same region as GLIMPSE, using the MIPS instrument (24 µm and 70 µm) on Spitzer. MIPSGAL has a resolution of 6" at 24 µm and 18" at 70 µm. MAGPIS is a survey of the Galactic plane at 20 cm and 6 cm using the VLA in configurations B, C and D combined with the Effelsburg 100m single dish telescope (White, Becker & Helfand 2005) . MAGPIS has a resolution of 6" at both wavelengths.
We analyze CN138, CN108 and CS57 from the Churchwell et al. (2007) catalog of bubbles. All sources are within 10
• of the Galactic center and have not been studied in detail previously. CN138 is near IRAS source 18073-2046, which has been studied by Mateen, Hofner & Araya (2006) in SO J=1-0, Scoville et al. (1987) in radio recombination lines, Walsh et al. (1997) in methanol masers and Slysh et al. (1999) in methanol masers. However, IRAS 18073-2046 appears to be coincident with CN139 in the bubble catalog, a large, complex bubble. Here, we choose to isolate our analysis to the morphologically simpler and smaller CN138, which has not been studied previously. There are two IRAS sources present toward CN108: IRAS 18028-2208 and IRAS 18029-2213. A Wolf-Rayet star was identified by Shara et al. (1999) at l = 8.02
• b = -0.42
• on the boundary of CN108 in projection. CN108 was also observed by Lockman et al. (1996) in the radio recombination lines H109α and H111α with the Green Bank 140-ft telescope. Near CS57, IRAS 17262-3435 is observed in the PDR shell and IRAS 17258-3432 is observed outside the PDR shell. No other known observations of these bubbles exist besides the surveys summarized above. Velocity measurements are available for all the bubbles and are summarized in §3.
Results
All three sources show the same basic structure of gas and dust that Watson et al. (2008) observed in 3 other bubbles: A PDR shell (identified by 5.8 µm and 8 µm PAH emission) surrounding hot dust (identified by 24 µm emission). In two sources (CN138 and CN108), the PDR also surrounds ionized gas (identified by radio continuum emission that overlaps with the 24 µm emission). We now present the mid-IR observations, YSO properties and ionizing star candidates for the three selected sources (CN138, CN108 and CS57).
CN138
CN138 has a shell morphology at 8 µm that surrounds 24 µm and 20 cm emission (see Fig 1) . Its kinematic distance is 4.3±0.6 kpc (based on a radio recombination line velocity of 34 km s −1 , see Scoville et al, 1987 , and the rotation model of Brand & Blitz 1990) . Errors are calculated assuming departures from circular velocities of 10 km s −1 . We measure the average radius to the inner boundary of the 8 µm shell to be ∼80" (∼1.7 pc), the FWHM of the 24 µm emission to be ∼54" (∼1.1 pc) and the FWHM at 20 cm emission to be 36" (0.8 pc). The 24 µm and 20 cm difference in radii may be due to the low sensitivity of the 20 cm observations. As shown in Fig 1 ( There are 1850 sources in the GPSC within 300" (6.7 pc) of the center of CN138. We chose a relatively large area surrounding CN138 to show the star-formation associated with CN139. We performed point source photometry on the MIPSGAL images and crosscorrelated the resultant 24 µm sources with corresponding GPSC sources. These sources were then analyzed using the YSO-fitting method of . Briefly, this method involves a grid of Monte Carlo radiative transfer models of YSOs with specified stellar masses, luminosities, disk masses, mass accretion rates and line-of-sight inclinations (Robitaille et al. 2006) . Observations from J-band to 24 µm are fit using a χ 2 -minimization technique. The range of models that fit the observations within the observational errors give an implied range of YSO physical properties. All the YSOs surrounding CN138 are shown in Fig. 2 and the range of stellar masses, total luminosities and envelope accretion rates are given in Table 1 . The large area in Fig 2 is shown to demonstrate CN139 (to the lower left) and the star-formation that is not associated with the shell of CN138 (see below). Each YSO is classified as stage 0 ifṀ env /M * > 10 −6 yr −1 , stage I ifṀ env /M * < 10 Robitaille et al. (2006) . Some of these candidate YSOs are likely foreground or background YSOs unassociated with the bubble as Povich et al. (2008) found toward the M17 complex. By analyzing an off-source control sample using the SKY model of IR point sources, they concluded that a majority of the contaminates were YSOs at unknown distances. We expect that contamination of our sample with foreground or background sources would be higher at low galactic longitudes, since the line of sight covers more volume than the earlier analysis. For these sources, the properties given in Table 1 are incorrect.
There are two sites of possible triggered star-formation along the shell of CN138, to the right and left of the bubble center. Both groups of YSOs are low-to-intermediate mass (M * < 10 M ⊙ ). The lack of YSOs and dimmer 8 µm PAH emission along the rest of the rim implies that the density of gas may be higher to the east and west (assuming roughly equal illumination by the hot star(s) that ionize CN138). This source is qualitatively similar to the rim surrounding RCW 79 (Zavagno et al. 2006) . In their study of molecular gas and GLIMPSE data observed toward RCW 79, Zavagno et al. (2006) pointed out that the YSOs along the edge of the HII region formed distinct groups. One prediction of the collect-andcollapse model is that YSOs will form in such groups along the shock front of the expanding HII region. The groups are related to the gravitational instability length-scale, modified by effects due to the expanding shock wave, pressure external to the shock wave and the shock layer thickness. Zavagno et al. (2006) concluded that this mechanism was operative in RCW 79. In CN138 it also appears that the YSOs are formed into two distinct groups.
GPSC+MIPSGAL sources have been analyzed to find the ionizing star(s) responsible for CN138 following the process outlined in Watson et al. (2008) . Since we lack spectra of these stars, this method was developed to identify candidate ionizing sources. Briefly, we identify those sources whose SEDs are consistent with an early-B or O-type star at the distance of the CN138 bubble with the following constraints: the source must be fit by a hot stellar photosphere model with no circumstellar emission, at the distance of the bubble (4.3 kpc, see above), there must be some extinction and the source must lie inside projected bubble boundaries. Two sources were found consistent with the above criteria. Their locations are shown in Fig 3 and properties are given in Table 2 . These sources are two sub-classes earlier than implied by the radio continuum emission. One of these sources may be the ionizing star but the other is likely a foreground, cooler star. The discrepancy between estimated spectral type of the ionizing star from the observed radio continuum is probably primarily due to dust absorption of UV photons in the HII region, which are not counted by radio continuum emission. There are, of course, uncertainties in determining spectral types using this method as well. Both of these possible ionizing stars are significantly off-center in projection with respect to the bubble. Since the bubble is not circular, however, it may be reasonable for the ionizing source to not be perfectly centered. However, the 24 µm emission peak is significantly offset from the candidate ionizing stars. These offsets may indicate that we have not identified the ionizing source for this bubble.
CN108
CN108 has a shell morphology at 8 µm that surrounds a smaller shell of 24 µm and 20 cm emission (see Fig. 4 ). Its kinematic distance is 4.9 kpc (based on a radio recombination line velocity measurement of 37 km s −1 by Lockman, Pisano & Howard 1996) . We measure the average inner radius of the 8 µm shell to be 340" (8.0 pc) and the average outer radius to be 520" (12 pc). The integrated 20 cm flux density is 13.6 Jy, equivalent to an ionizing flux of 1.9 × 10 48 photons s −1 or a single O8V star (MSH05). The radio continuum, however, appears strongly over-resolved and this flux density is likely an underestimate.
All stars shown in Fig. 5 have been analyzed using the model fitter of to identify candidate ionizing stars and YSOs associated with CN108. The locations of candidate YSOs are shown in Fig. 5 and properties given in Table 1 . The projected YSO density is lower inside the 8 µm shell and higher outside the shell to the lower and upper left. There do not appear to be preferred areas of concentrated star-formation along the rim, in contrast to CN138. There also appears to be significant star-formation beyond the 8 µm PAH emission. This characteristic was observed by Zavagno et al. (2007) in their study of RCW 120. They suggested that a HII region that leaks UV photons (hν > 13.6 eV) may be carving small scale tunnels through the PDR, inducing small-scale star-formation far from the ionization front. If such a process is occurring around CN108, we do not observe evidence of small-scale radio continuum emission within the PDR, as they did using Hα. It is possible, however, that such small-scale structure is below the radio-continuum sensitivity limit.
Using the method of Watson et al. (2008) , we have identified 6 sources whose broadband SEDs are consistent with O-type stars at the distance of CN108 (see Table 2 and Fig. 6 ). The sources are grouped in two clumps, one near the center of the upper half of CN108, the other along the 24 µm emission in the lower half of CN108. This split and the 8 µm emission dip toward the center at about l=8.18
• , b=-0.48
• implies that there may be two or three sources creating this bubble. Considering that the radio continuum emission implies a single O8 star, however, some of these candidate ionizing stars are likely foreground stars. Unfortunately, without more constraints, we are unable to further isolate the ionizing stars. Because there are likely multiple exciting sources, the shell morphology observed at 24 µm is probably not produced by a wind-blown cavity (as in N49, Watson et al. 2007 ), but rather hot dust centered on each ionizing star. As further evidence that suggests multiple ionizing sources, the 8 µm emission bubble is scalloped and has multiple centers of curvature. For example, the 8 µm emission at the upper-left in Fig. 6 curves around source 3 whereas the emission at the lower-left curves around source 4.
CS57
CS57 has a shell morphology at 8 µm surrounding a smaller shell of 24 µm emission (see Figure 7) . 20 cm emission was not detected toward the center of CS57 coincident with the 24 µm emission at a surface brightness level ≥ 2 mJy/beam with a beamsize of 7"×4" (Helfand et al. 2006) . 6 cm emission, however, was detected. Several 6 cm (contours in Figure 7 ) sources are observed along the 8 µm shell and outside the bubble. No radio continuum flux is detected toward the interior of the shell. Its velocity is -58 km s −1 , corresponding to a near kinematic distance of 6.2 kpc. We measure an average inner radius at 8 µm of 81" (4.9 pc) and an average outer radius of 130" (7.6 pc). Using the inner radius, the near kinematic distance and the limitation on 20 cm emission, we calculate an upper limit of N Ly < 3.4×10 47 ionizing photons s −1 , equivalent to a star cooler than O9.5V (MSH05). The radius of the 24 µm emission (measured to the brightest intensity ridge) is 45" (2.7 pc).
The brightest 6 cm radio continuum source (at the bottom of the shell in Figure 7 ) has an integrated flux density of 350 mJy; 24 µm emission is saturated and point-like. The small, bright flux at 8 µm (∼ 10 Jy) and 24 µm (> 2 Jy) and 8µm 24µm ratio ( 5) suggests this source may be an AGB star (see Robitaille et al. 2008) , in which case it would likely be unrelated to the bubble. However, the 6 cm emission is consistent with a UCHII region. In such a scenario, the high 8µm 24µm ratio could be caused by bright PAH emission in the 8 µm band. Assuming optically-thin, free-free emission, this flux density implies a UV flux of 9.5 × 10 46 photons s −1 , equivalent to an early B star (MSH05). However, massive stars typically form in regions of high star-formation of all masses, which we do not observe here. Sugitana et al. (1991) argue that intermediate-mass (1.5-6.0 M ⊙ ) star-formation may be caused preferentially by triggering. In summary, we cannot definitively classify this source as either an AGB star or massive YSO.
We have identified 4 sources as probable YSOs associated with CS57 (see Figure 8 for locations and Table 1 for properties). All the YSOs have M<10 M ⊙ and lie either along the 8 µm shell or the 24 µm shell. The low number of YSO candidates is consistent with CS57 representing the low-power end of the bubble population.
We analyzed the GPSC sources to identify the exciting star(s) of CS57. The only two candidates were O6V stars, however. These spectral types are strongly inconsistent with the absence of radio continuum emission from the bubble center and thus are likely low-mass, foreground stars. Identifying the mid-to-early B star responsible for this bubble is difficult because it is easy to confuse a mid-to-early B star at the bubble's location with a cool, foreground star.
Analysis: Triggered Star-Formation
We now discuss the likelihood of triggered star-formation in each region. Hosokawa & Inutsuka (2006) (hereafter HI06) present numerical simulations of expanding HII regions and their associated PDRs. Their models concentrate on incorporating the different physics in the HII region and surrounding swept-up shell. Specifically, they treat the UV-and FUV-radiative transfer and cooling, photo-and collisional ionization, photodissociation and recombination in the HII region and PDR region (see their Table 2 and 3 for a summary of the dominant cooling lines in the HII region and PDR). They were principally interested in modeling the progression of the ionization front, dissociation front and shock front due to an overpressured HII region surrounding a single massive star. Their models do not include stellar winds or cooling in the HII region due to dust emission. We do not expect stellar winds to dominate the late-O and early-B stars we are studying here. Cooling due to dust emission may be important, however, but has not been well-studied. HI06 also calculate the time required for swept-up ambient gas to become gravitationally unstable to collapse, possibly resulting in triggered star-formation (i.e. the collect-and-collapse mechanism). They present 5 models of different central stellar masses (11.7 M ⊙ -101.3 M ⊙ ) and ambient densities (10 2 cm −3 -10 4 cm −3 ). The authors have provided two new models with parameters adjusted so that the observational predictions match the observations presented here. We use a model similar to their model S19, which has a central mass of 19 M ⊙ . The authors have adjusted the ambient density to 3 × 10 3 cm −3 . The velocity, density, gas temperature and pressure distributions at different epochs for this model are shown in Figure 9 .
If we equate the 8 µm emission inner radius observed here with the position of the H 2 dissociation front, shock front and ionization front in this model (which are nearly coincident), we can estimate the dynamical age of the bubble. Figure 10 (top panel) shows the growth of these three fronts' radii over time for the modified version of model S19 described above. Based on this assumption, CN138 appears quite young, 0.5-0.6 Myrs. HI06 also determine when the shell density would become gravitationally unstable to collapse, implying when triggered star-formation could be expected to begin (see Figure 10 , bottom panel). In their modified model, gravitational collapse begins at t=0.3 Myrs. Thus, we conclude that the size of CN138 is consistent with the presence of triggered star-formation. These results, however, are strongly dependent on the assumed ambient density. If we use the published model S19 with an ambient density of 10 3 cm −3 , we would conclude that the bubble age is 0.15-0.45 Myrs and gravitational collapse begins at t=0.5 Myrs, implying that triggered star-formation has not started.
Since CN108 appears to involve several bubbles overlapping, its expansion is significantly more complicated than either CN138 or CS57. No model by HI06 includes multiple sources, so we cannot estimate its dynamical age. CS57, on the other hand, is difficult to interpret because we do not know the spectral type of the ionizing star. We use a modified version lowest-mass model presented by HI06 (model S12, M * = 11 M ⊙ , n ambient = 100 cm −3 , Hosokawa, priv. comm.). The measured radius (4.9-7.6 pc) is consistent with an age of 3.5-7 Myrs. At this stage, Hosokawa (priv. comm.) predicts that the shell will be gravitationally unstable. This prediction is consistent with the YSOs we detect along the shell being triggered by the expanding shell.
Conclusions
We have analyzed three late-O/early-B-powered bubbles from the catalogue of Churchwell et al. (2007) . Our conclusions are as follows:
• Similar to the higher energy bubbles analyzed previously, each bubble shows the same basic structure, a PDR surrounding hot dust and, in two of three sources, ionized gas.
• Potential triggered star-formation by the collect-and-collapse mechanism has been identified in two bubbles, CN138 and CS57.
• Candidate ionizing stars are identified in CN138 and CN108. Based on spectral types implied by their SEDs and radio continuum emission, the bubbles do not appear to be winddominated. CN138 appears to be driven by one or two stars that are off-center with spectral types O8.5 and O9. CN108, on the other hand, appears to be driven by two or three hot stars with spectral type between O6 and O9.5.
• The age of two bubbles are approximated through comparison with modified versions of the numerical models of HI06. The age of both CS57 and CN138 are consistent with the presence of the identified YSOs being triggered by the bubbles' expansion.
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-12 - Table 2 for star properties. (Hosokawa, priv. comm.) expanding into a dense ISM (3 × 10 3 cm −3 ). Model S19 is Fig. 11 from Hosokawa & Inutsuka (2006) . The ionizing star has a mass M * = 19 M ⊙ . The simulations were 1D and incorporated radiative heating and cooling, photoand collisional ionization, photodissociation and recombination. 
